Previous studies have indicated that dietary supplementation with n-3 long-chain polyunsaturated fatty acids (PUFAs) can provide protection from several brain diseases, including Alzheimer's disease and Parkinson's disease, and can contribute to a reduction in cognitive decline as a side-effect of aging or transient forebrain ischemia. 1, 2) Recent meta-analyses also indicate that a diet that includes PUFAs can be clinically beneficial in the treatment of depressive and bipolar disorders. 3, 4) Docosahexaenoic acid (DHA: 22:6 n-3), a PUFA, reportedly reduces oxidative stress, and influences membrane fluidity, dendritic spine density, and gene expression in the brain. 5, 6) de Urquiza et al. discovered that DHA contributes remarkably to brain function by acting as a ligand for the retinoid X receptor (RXR), 7) which suggests that neuronal activity is partly mediated by activation of the RXR signaling pathway. Furthermore, Hashimoto et al. found that administration of DHA increased the level of DHA in the cerebral cortex, accompanied by a reduction in oxidative stress.
8) The present study was conducted to explore the effect of DHA on genomic activity in the cerebral cortex.
Male SD rats (6 weeks old, Charles River, Yokohama, Japan) were housed in metal cages in a room under controlled temperature (24 C) and a 12-h light/dark cycle. They were given free access to specific diets and deionized water, and were maintained following Hiroshima University guidelines. They (183:2 AE 1:2 g) were divided into four groups of 10, and each group was fed a diet containing either 5% corn oil (LC), 20% corn oil (HC), 20% beef-tallow (HB), or 20% fish oil (HF). The full compositions of the diets were described previously, 9) and the change in the dietary level of fat was adjusted by replacing corn starch. The feeding experimental period was 35 d. Food intake and gain in body weight did not differ among the four groups. After 35 d, we isolated total RNA from the cerebral cortices and subjected the RNA to cRNA synthesis for DNA microarray analysis according to the manufacturer's instructions (44 K whole rat genome 60-mer oligo microarray, Agilent Technologies, Palo Alto, CA). All procedures for fluorescence labeling, hybridization, and slide and image processing were carried out according to the manufacturer's instructions. In this experiment, the dye swap method was adopted in order to eliminate bias between Cyanine 3-CTP (Cy-3) and Cyanine 5-CTP (Cy-5), which can, together, alter the efficiency of hybridization due to competitive dye coupling. Files and images, including error values and p values, were exported from the Agilent Feature Extraction Program (version 9.5). Northern blot analysis was performed by a method previously reported. 10 ) 32 P-labeled cDNA fragments encoding rat 5-aminolevulinate synthase 2 (ALAS2) and human -actin were used as a probe for Northern blot hybridization. The ALAS2 mRNA level was upregulated in the HF group as compared to the other three groups (Fig. 1A) . To confirm differential expression of ALAS2 mRNA between total RNAs from individual rats, semi-quantitative PCR analysis was done by a method previously reported.
10) The primers used for PCR analysis were as follows: forward, 5 0 -TCTGGAGGAATTGTGTGATGTG-3 0 ; reverse, 5 0 -GAAGATCACAGATCTTGCTGTT-3 0 . We confirmed differential expression of ALAS2 mRNA among the total RNA from individual rats of three groups (LC, HB, and HF) (Fig. 1B) .
5-Aminolevulinate synthase was identified as a mitochondrial matrix enzyme that catalyzes the formation of 5-aminolevulinate from glycine and succinyl CoA and plays an essential role in the heme biosynthetic pathway as a rate-controlling enzyme.
11) There are two closely related isozymes of 5-aminolevulinate synthase: ALAS1 and ALAS2. ALAS1 is ubiquitously expressed in mammalian tissues, providing heme to various hemoproteins, whereas the second member, ALAS2, is an erythroid cell-specific enzyme that plays a critical role in the demand for heme during hemoglobin production. Several studies have reported specific sequences esseny To whom correspondence should be addressed. Tel: +81-82-424-7979; Fax: +81-82-424-7916; E-mail: yanaka@hiroshima-u.ac.jp Abbreviations: ALAS2, 5-aminolevulinate synthase 2; DHA, docosahexaenoic acid; PUFA, polyunsaturated fatty acids; RXR, retinoid X receptor 12) In the present study, to test whether DHA enrichment influences ALAS2 gene transcription, we isolated the 5 0 -flanking region of the human ALAS2 gene (from À1;892 to þ30) by PCR amplification with primer sets 5 0 -CCTGCACTGAGGACGAACGAAT-GAC-3 0 and 5 0 -CCTGCACTGAGGACGAACGAAT-GAC-3 0 and human genomic DNA, subcloned into the NheI and HindIII sites and the luciferase reporter pGL4.17 (Promega, Madison, WI) to yield pGLpAlas1.9 ( Fig. 2A) . Mouse neuroblastoma Neuro2A cells were cultured in Dulbecco's Modified Eagle's Medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen), 100 units/mL penicillin, and 100 mg/mL streptomycin at 37 C in 5% CO 2 . We co-transfected each test plasmid with control plasmid pCMV--gal carrying the lacZ gene downstream of the cytomegalovirus promoter in Neuro2A cells using LipofectAMINE 2000 (Invitrogen), as described previously. After 24 h, the cells were scraped and subjected to luciferase assay using PicaGene (Toyo Ink, Tokyo) following the manufacture's protocol. oNitrophenyl--D-galactropyranoside (Sigma) was used as a substrate for -galactosidase activity, as described previously. To test whether docosahexaenoic acid (22:6 n-3) is involved in the increase in ALAS2 mRNA, we investigated the effect of DHA supplementation on ALAS2 promoter activity in Neuro2A cells, using a reporter construct carrying 1.9 kb of the 5 0 -flanking region, but, DHA treatment did not affect the promoter activity (data not shown). A previous report indicated that DHA functions as a ligand for RXR, which forms heterodimers with several nuclear receptors, including the receptor for all-trans-retinoic acid (RAR). The activity of RXR is reportedly dependent on the ligand binding state of its partner, and the retinoic acid receptor/RXR heterodimers are activated through both subunits in a synergistic manner. 13) These observations prompted us to determine whether the RXR-RAR heterodimer is involved in ALAS2 gene transcription.
Hence we investigated the effect of all-trans-retinoic acid (RA) supplementation on ALAS2 promoter activity in Neuro2A cells. Although RA had no effect on the promoter activity of the control vector or the reporter plasmid carrying the human laminin gamma gene promoter, the promoter activity of the ALAS2 gene increased in the presence of RA (Fig. 2B ). This result suggests a possible role of the RXR-RAR heterodimer in ALAS2 gene transcription, but, further experiments are required to test whether the nucleotide sequence responsible for DHA is located further upstream or downstream in the human ALAS2 gene locus, and whether fish oil components, including DHA and eicosapentanoic acid (C20:5 n-3), influence ALAS2 mRNA expression in other cultured neuronal cells.
This study suggests fish oil upregulates heme synthesis in the cerebral cortex. Heme exists as a prosthetic group in hemoproteins, including respiration cytochromes and neuroglobin. Previous study has indicated that neuroglobin acts as an endogenous neuroprotective factor in focal cerebral ischemia and aids neuronal survival after hypoxic-ischemic insult. 14) On the other hand, non-protein bound free heme activates the transcription of several genes, including the heme oxygenase-1 gene, by removing transcriptional repressors, including Bach1, from enhancer DNA sequences. 15) Heme oxygenase-1 is the first and rate-limiting enzyme of heme degradation, and reportedly plays a critical role in protection against the cytotoxicity of oxidative stress and apoptotic cell death. 16) This suggests that a fish oil diet can modulate neural functions and provide protection from several brain diseases via these heme functions. A, Ten mg of pooled total RNAs from cerebral cortices of the LC, HC, HB, and HF groups were subjected to Northern blot analysis. The ALAS2 mRNA level was upregulated in the HF group as compared with the LC, HC, and HB groups. B, Differential expression of ALAS2 mRNA in the individual rats was examined by RT-PCR. Each lane represents a sample from an individual rat.
